We report on nonlinear magnetotransport in a two-dimensional electron gas hosted in a MgZnO/ZnO heterostructure. Upon application of a direct current, we observe pronounced Hall field-induced resistance oscillations (HIRO) which are well known from experiments on high-mobility GaAs/AlGaAs quantum wells. The unique sensitivity of HIRO to the short-range component of the disorder potential allows us to unambiguously establish that the mobility of our MgZnO/ZnO heterostructure is limited by impurities residing within or near the 2D channel. Demonstration that HIRO can be realized in a system with a much lower mobility, much higher density, and much larger effective mass than in previously studied systems, highlights remarkable universality of the phenomenon and its great promise to be used in studies of a wide variety of emerging 2D materials.
Assessing the nature and magnitude of the disorder present in high-quality two-dimensional electron systems (2DESs) presents a challenging yet necessary experimental task. When cooled to a low temperature T and exposed to a magnetic field B, these systems are widely known to divulge a rich array of quantum phenomena which display both quantitative and qualitative dependencies on the underlying disorder. Unfortunately, standard magnetotransport measurements in isolation give limited insight into this disorder as not all carrier scattering events are reflected equally or separably in the measured resistance [1] . However, a better glimpse of key characteristics of the disorder potential may often be gained from non-equilibrium transport phenomena, such as microwave-induced resistance oscillations (MIRO) [2, 3] and Hall field-induced resistance oscillations (HIRO) [4] [5] [6] . Both phenomena exploit the commensurability of the energy spacing between the centers of disorder-broadened Landau levels and either the photon energy of the incident radiation (MIRO) or the Hall voltage drop across the cyclotron orbit under applied direct current (HIRO). Importantly, the amplitudes of these oscillations and their B-dependencies contain information on specific scattering types [7] [8] [9] [10] .
MIRO, appearing when a 2DES is exposed to microwave radiation of frequency ω = 2πf and a weak B-field, are controlled by ω/ω c , where ω c = eB/m ⋆ is the cyclotron frequency of an electron with the effective mass m ⋆ . To date, MIRO have been observed in GaAs/AlGaAs [2, 11] , Ge/SiGe [12] , and MgZnO/ZnO [13] heterostructures. Usually [14] , MIRO are explained in terms of the displacement [15] [16] [17] [18] and the inelastic [7, 19] contributions. The former originates from the radiation-induced modification of scattering off impurities and carries important information about correlation properties of the disorder potential. The latter accounts for the radiation-induced changes to the distribution function and is controlled by the ratio of the transport and electron-electron scattering rates. As a result, the relative importance of these contributions depends on many parameters and their unequivocal disentanglement is a challenging experimental feat that remains to be accomplished [20] . Moreover, the inelastic contribution can completely mask the displacement contribution in high-density and low-mobility 2DESs, such as the MgZnO/ZnO samples used in a recent MIRO study [13] , making it virtually impossible to extract correlation properties of the disorder potential from microwave photoresistance.
Another prominent non-equilibrium phenomenon, HIRO, emerges when a sufficiently strong direct current I is sent through a 2DES placed in a varying B-field [4] [5] [6] . HIRO appear as 1/B-periodic oscillations in the differential resistance r and originate solely from the displacement contribution from the electron backscattering off short-range ("sharp") disorder [8, 21] . Theoretically, the oscillatory correction to r is given by [8] 
where R 0 is the low-temperature, linear-response resistance at B = 0, τ is the disorder-limited transport scattering time, τ π is the backscattering time, λ = e −π/ωcτq , τ q is the quantum lifetime, ǫ j = 2eER c / ω c , E = ρ H I/w is the Hall field (w is the sample width, ρ H is the Hall resistivity), and R c is the cyclotron radius.
For the exploration of disorder characteristics HIRO are unique because, in contrast to MIRO which are also sensitive to the radiation intensity and inelastic relaxation, the HIRO amplitude is controlled solely by the backscattering rate τ short-range ("sharp") component of the disorder potential while the latter also accounts for scattering off the long-range ("smooth") disorder component. To date, HIRO have been studied in modulation-doped systems based on either GaAs/AlGaAs [4] [5] [6] [22] [23] [24] [25] [26] [27] or, more recently, on Ge/SiGe [28] heterostructures. Both of the studied systems are characterized by very high mobility (µ ∼ 10 6 − 10 7 cm 2 /Vs), low effective mass (m ⋆ ≈ 0.06 − 0.09m 0 ), and moderate carrier density (typically n e ∼ 10 11 cm −2 ). In this Rapid Communication we report on the first observation and study of HIRO in a 2DES hosted in a MgZnO/ZnO heterostructure, a system which is distinct from both GaAs/AlGaAs and Ge/SiGe. More specifically, the 2DES in our MgZnO/ZnO heterostructures is characterized by a much lower mobility (µ ∼ 10 4 cm 2 /Vs), a much larger effective mass (m ⋆ ≈ 0.3m 0 ), and much higher carrier density (n e ∼ 10 12 cm −2 ). Despite these differences, our experiments reveal well-developed HIRO demonstrating that neither low effective mass nor high mobility of previously studied systems are essential for HIRO detection. This finding highlights remarkable universality of the effect and its great promise to be realized in other 2D systems allowing their characterization. Taking our MgZnO/ZnO system as an example, we demonstrate that the analysis of the B-dependence of the HIRO amplitude allows us to unambiguously establish that its mobility is limited by short-range disorder originating from impurities at or near the interface.
Our sample was fabricated from a Mg 0.15 Zn 0.85 O/ZnO heterostructure grown using liquid ozone-based molecular beam epitaxy [29] [30] [31] 
In the main panel of Fig. 1(a) we present r as a function of B recorded at different I from 0.6 to 0.8 mA, in steps of 0.05 mA. Despite a much lower mobility of our sample compared to previously studied systems in which HIRO we observed to date, the data readily reveal welldeveloped HIRO which persist up to the third order (cf. 1+, 2+, 3+) and expand to higher B with increasing I. It is important to note that, in contrast to GaAs/AlGaAs and Ge/SiGe in which HIRO typically occur at B ∼ 0.1 T, HIRO in our ZnO sample can be extended to fields beyond 5 T (at I ≥ 1 mA). We notice that in view of high carrier density, HIRO are still observed in the regime of high filling factors (at B = 5 T we estimate ν ≈ 17).
According to Eq. (1), positions of the n-th HIRO maximum (B + n ) and minimum (B − n ) can be described by
where j = I/w is the current density. In Fig. 2 we present B , as in our sample, both Shubnikov-de Haas oscillations [32] and MIRO [13] yield the effective mass close to the band mass m ⋆ ≈ 0.3m 0 . Using this value and the obtained linear dependencies, we estimate the effective width of our Hall bar to be w ≈ 0.09 mm, in reasonable agreement with the estimated scratch-defined width [33] .
Further examination of Fig. 1 reveals that the zero-field differential resistance r 0 increases with I and that, concurrently, the HIRO onset moves to higher B. These observations suggest that both the transport and the quantum lifetime decrease with I. The likely cause of these findings is the current-induced increase of the electron temperature due to Joule heating. In the inset of The quantum lifetime and its dependence on I can also be extracted. In view of a rather small number of observed oscillations, we opt for a direct fit of the experimental traces with the theoretical expression, as opposed to the conventional Dingle analysis [6, 24, 26, 27] . More specifically, we examine the experimentally obtained relative oscillatory correction to the differential resistance δr/R 0 (0) ≡ (r − r 0 )/R 0 (0). This quantity is shown in the main panel of Fig. 3 (solid lines) as a function of ǫ j for the same currents as in Fig. 1 . The traces, offset for clarity by 0.25, exhibit the same period and the same phase, showing that our analysis is self-consistent. The first-order minima and the second-order maxima occur close to ǫ j = 1.5 and ǫ j = 2, respectively, while the fundamental HIRO maxima appear at ǫ j somewhat lower than unity. This deviation is anticipated given the approximate nature of Eq. (1) applicable only in the limit of πǫ j ≫ 1. We therefore chose to fit our experimental data with the full HIRO expression [8] ,
where J 0 is the Bessel function and prime denotes the derivative over ζ = πǫ j . Since λ 2 = exp(−2πǫ j /ω j τ q ), the only fitting parameters are τ −1 q and τ /τ sh . We first notice that the fits consistently yield τ /τ sh ≈ 1.0 (with an accuracy of a few percent) for all I, unambiguously signaling the prevalence of sharp-disorder (large-angle) scattering in our MgZnO/ZnO heterostructure. This finding is consistent with the close values of τ q and τ obtained in Ref. 32 , which suggested a less significant role of smooth-disorder (small-angle) scattering than in traditional, remotelydoped 2DES. We therefore conclude that the electron mobility in our system is limited by impurities at or near the interface. The most likely source of this scattering is the alloy disorder in Mg
Since the ratio τ /τ sh is expected to be the same for all I, we chose to fix its value at τ /τ sh = 1 and then perform single-parameter fits to obtain quantum scattering rate. The obtained fits to the data are included in Fig. 3 as dotted lines, demonstrating excellent overlap with the experimental traces [35] . The quantum scattering rate τ −1 q , extracted from the fits, is shown in the inset of Fig. 3 as a function of I 2 . As illustrated by solid line, it can be described well by τ This observed increase with I is likely caused by enhanced electron-electron scattering [24, 36] as the electron temperature increases. The obtained value of τ q (0) is in good agreement with the values extracted from Shubnikov-de Haas oscillations [32] and MIRO [13] measured in similar samples.
In summary, we have observed and investigated Hall field-induced resistance oscillations in a MgZnO/ZnO heterostructure, a recently developed 2DES. By exploiting the direct sensitivity of HIRO to the sharp component of the disorder potential, we identified largeangle scattering off impurities within or near the interface as the dominant source of scattering [37] . Since our MgZnO/ZnO sample has very different parameters than conventional high-mobility modulation-doped 2DESs in which HIRO have been observed so far, our findings demonstrate that HIRO is a powerful experimental tool to assess disorder characteristics across a wide variety of 2D systems. In particular, we establish that neither low effective mass nor high mobility are prerequisites for reliable HIRO detection.
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[35] This is quite remarkable since Eq. (3) (as well as Eq. (1)) was derived assuming ωcτ ≫ 1 and ωcτq 1. In typical GaAs/AlGaAs samples τ ≫ τq and both of these conditions can be simultaneously satisfied. Situation is markedly different in our ZnO sample where τq(0) ∼ τ (0) ≈ 4 ps and the above conditions are only marginally met.
